1. Introduction {#sec1}
===============

Nucleic acid extraction (NAE) is one of the most pivotal steps in molecular biology, being routinely used in many areas of the biological and medical sciences, as this procedure marks a starting point in any molecular diagnostic kit \[[@B1]\]. This crucial procedure has been known for over a century and has developed substantially over the last decades. However, some progress still has to be achieved so that NAE protocols leave the laboratory settings into the "real world" of point-of-care diagnostics (POC-Dx).

Nowadays, it is known that intracellular nucleic acids (NAs) may be broadly categorized as genomic (or chromosomal), plasmids, and different types of RNAs \[[@B2]\]. Although RNAs possess uracil while DNAs present thymine \[[@B3]\], nucleic acids exhibit similar basic biochemical properties but might have quite distinct tridimensional structures (genomic, plasmid, tRNA, mRNA, rRNA, etc). However, despite the structural differences, the most commonly used methods described in the present text can be applied to DNA in its many organizational formats (chromosomal, plasmid, etc.), as well as RNA and its multidimensional formats (mRNA, rRNA, tRNA, miRNA, etc.) with minor modifications \[[@B1], [@B4], [@B5]\].

NAE can be roughly divided into four steps, which can be modulated depending on the sample and downstream applications: (i) cell disruption; (ii) removal of membrane lipids, proteins, and other nucleic acids, (iii) nucleic acid purification/binding from bulk; and (iv) nucleic acid concentration \[[@B6]\].

Cell disruption or disintegration can be achieved by physical and/or chemical methods, whose main aim is to disrupt the cell wall and/or cellular membranes. Disruption methods are mainly based on properties of the sample and for this purpose a wide range of tools and approaches are used either alone or combined to achieve tissue/cell disruption \[[@B7]\]. Lytic enzymes, chaotropic agents, and different types of detergents are the main components of chemical lysis, while mechanical method disrupts the cells by grinding, shearing, bead beating, and shocking \[[@B8]\]. It is interesting to note that if one technique does not yield good results, another might prove successful. Osmotic shock methods have yielded, in certain cases, better results than common NA purifications protocols such as phenol-chloroform extraction and bead beating \[[@B9]\]. Not only is cell disruption important for DNA extraction, but it also plays a crucial role in the biopharmaceutical industry, as many recombinant proteins and other important constituents of the cell can be recovered through this process \[[@B10]--[@B12]\]. Another approach for cell disruption is the use of different methods in combination. A good example is the case for enzymatic lysis, where many protocols use proteases to free the NA from its protective protein scaffold. Also, the inactivation of cellular nucleases that come free into solution in order to protect the new protein-free NA is crucial \[[@B13]\]. A combination of detergents and chaotropic salts in a single solution is used to solubilize cell wall and or cell membrane and inactivate intracellular nucleases \[[@B14], [@B15]\]. Mechanical disruption, on the other hand, makes use of force to extract out constituents of the cell. A classic example of grinding in biosciences is the use of mortar and pestle \[[@B6]\], which is nowadays optimized with the use of liquid nitrogen (when allowed by the sample). Cells walls can also be disrupted by the shock waves created by rapid changes in pressure elicited by sonication or cavitation \[[@B16]--[@B18]\]. Other mechanical tools available for cell disruption are shearing, which use a tangential force to make a hole in the cell \[[@B6]\], and bead beating, which uses different glass or steel beads to rupture tough cell wall as mentioned by Bunge et al. \[[@B19]\]. These processes are briefly summarized in [Table 1](#tab1){ref-type="table"}, with consolidated examples.

NAE methods encompass extraction of both DNA and RNA but can be more broadly characterized into chemically driven or solid-phase methods; both contain the four steps mentioned above \[[@B1], [@B4], [@B5]\]. In the next sections, we will review the working principle of and/or rationale for the main methods used nowadays in the biological and medical sciences. Since molecular diagnostics rely heavily on techniques that start with NAE, we will also discuss some of the basic features of devices available for POC-Dx, culminating with the challenges and limitations of adapting NAE methods to point-of-care diagnostic tests.

2. Chemically Driven Methods {#sec2}
============================

These methods rely on biochemical properties of the cellular components to elicit the desired molecular separation and might exhibit preference or exclusivity in extracting DNA or RNA, depending on its intrinsic characteristics.

2.1. Cesium Chloride (CsCl) Gradient Centrifugation with Ethidium Bromide (EtBr) {#sec2.1}
--------------------------------------------------------------------------------

This technique is mainly based on the phenomenon of buoyant and specific density. Ethidium bromide (EtBr) is an intercalating agent, thus reporting the location of the double-stranded DNA under UV-light and allowing the easy visual separation of the supercoiled and nonsupercoiled DNA molecules. The basic mechanism by which EtBr separates the two molecules is decreasing the buoyant density of comparatively linear molecules \[[@B20]\]. After the ultracentrifugation, CsCl has to be dialyzed of the collected DNA. The method can be used to extract DNA from bacteria, although a large-scale culture is needed \[[@B21]\]; this method can be used for purification of various forms of DNA, such as chromosomal, plasmid DNA, rDNA, or mitochondrial DNA \[[@B22]\]. Being sensitive and provider of good yields of pure DNA, the method is laborious, time-consuming, and costly as compared to other purification protocols. Furthermore, EtBR can affect downstream applications, such as PCR, cloning, and DNA sequencing \[[@B23]\]. There is concern about using EtBr, which is known to cause genotoxicity and frame shift mutations. For mice, nontoxic doses up to 50 mg/kg have been used, for cattle, up to 1 mg/kg of body weight. However, the concentration used in gel staining solutions (0.25--1 *µ*g/mL) is below the level of toxicity, even though care is suggested in handling EtBr \[[@B23], [@B24]\].

2.2. Guanidinium Thiocyanate-Phenol-Chloroform Extraction {#sec2.2}
---------------------------------------------------------

A guanidinium thiocyanate- (GuSCN-) phenol-chloroform mixture allows for RNA extraction in a single-step procedure, as demonstrated by Chomczynski and Sacchi \[[@B25]\]. Prior to the development of guanidinium method, phenol extraction was normally used for extraction in a two-step, laborious process. The method was modified successively over time, starting from Ullrich et al. \[[@B26]\] who used guanidinium thiocyanate instead of guanidinium chloride for RNA isolation, followed later on by Chirgwin et al. in 1979 \[[@B27]\] using GuSCN combined with extended hours of ultracentrifugation and a CsCl cushion. In order to enhance the quality of the final nucleic acid, the technique was improved by using guanidinium thiocyanate and phenol-chloroform with a shorter centrifugation time \[[@B28]\]. Despite being less soluble in water than guanidine hydrochloride, another common salt of guanidine, GuSCN has stronger denaturing properties because both its ions are chaotropic.

The basic principle of the method is the separation of RNA from DNA and proteins after extraction with an acidic solution, which consists mainly of GuSCN, sodium acetate, phenol, and chloroform, followed by centrifugation. Total RNA remains in the upper aqueous phase, while most of DNA and proteins part remain either in the interphase or in the lower organic phase under acidic condition. Total RNA is then recovered through precipitation by isopropanol and can be used for subsequent process. The original method was carried out in mammalian tissue but, later on, it has been used for plants with some modification \[[@B29]\], animals \[[@B27]\], and cultured cell tissues as well \[[@B28], [@B30]\]. Optimum pH plays a critical role in the separation process as DNA partitions to the organic phase under acidic condition (pH 4--6) or to the aqueous phase at neutral pH (pH 7-8). The main drawback of this method is that phenol and chloroform are both hazardous chemicals \[[@B28]\]. This reagent is commercially available with different names, such as Sigma-Aldrich TRI Reagent® and Thermo Fisher TRIzol® Reagent. High purity and yield of the extracted NA are the hallmark of this procedure.

2.3. Cetyltrimethylammonium Bromide (CTAB) Extraction {#sec2.3}
-----------------------------------------------------

Cetyltrimethylammonium bromide extraction method is mainly used for plant samples and their parts, such as leaves, seeds, and grains. The method is used for various food samples as well. The basic composition of CTAB extraction buffer includes 2% CTAB at alkaline pH, but, like many other extraction protocols, CTAB has been modified according to the need of each sample \[[@B31]\]. CTAB works by precipitating nucleic acids and acidic polysaccharides in low ionic strength solutions, while proteins and neutral polysaccharides remain in solution. Next, the CTAB-nucleic acid precipitated complex is solubilized at high-salt concentrations, leaving the acid polysaccharides in the precipitate \[[@B1]\]. During the precipitation and washing steps, CTAB method uses various organic solvents and alcohols such as phenol, chloroform, isoamyl alcohol, and mercaptoethanol. The main drawback of this procedure is that it is time-consuming and makes use of toxic chemicals like phenol and chloroform. Moreover, CTAB extracted DNA requires further purification to avoid inhibition of PCR analyzes \[[@B32]\].

2.4. Chelex® Extraction {#sec2.4}
-----------------------

Chelex (Bio-Rad Laboratories, CA, USA) is a chelating resin frequently used in the field of forensics for DNA extraction from various sources, such as hair, blood stain cards, and buccal swabs \[[@B33]\]. According to \[[@B33]\], boiling in the presence of Chelex can increase the signal during PCR amplification of relatively minor amount of DNA, possibly by inhibiting DNA degradation by chelating metal ions which cause DNA breakdown at high temperature and lower ionic conditions. Chelex is a styrene divinylbenzene copolymer containing paired iminodiacetate ions, which are used as chelators for polyvalent metal ions \[[@B35]\]. This technique is interesting as it is quick, has few manipulating steps, and does not use hazardous chemicals such as phenol/chloroform. Its main drawback is the inability to efficiently remove PCR inhibitors from complex samples due to the lack of purification steps \[[@B36]\]. This method is also not suitable for restriction fragment length polymorphism (RFLP) analyses, because exposure of DNA to the high temperature and alkalinity of this protocol results in denaturation and breakage of DNA.

2.5. Alkaline Extraction {#sec2.5}
------------------------

Alkaline extraction method is dedicated to plasmid DNA isolation, described by Bimboim and Doly \[[@B37]\]. The basic principle of this method is selective alkaline denaturation of high molecular weight chromosomal DNA, while covalently bond circular plasmid DNA remains intact. After neutralization, chromosomal DNA renatures and makes an insoluble precipitate, while plasmid DNA remains in the supernatant. This method is useful for both small and large DNA plasmids \[[@B37]\].

The method involves harvesting the bacteria of interest from culture media and exposing them to alkaline solution (consisting basically of SDS and NaOH). SDS act as detergent to lyse the cells and denature proteins, while alkaline condition denatures genomic DNA, plasmid DNA, and proteins. Potassium acetate (pH 5.2) addition neutralizes the mixture and results in renaturation of plasmid as well as genomic DNA. Further addition of ethanol (or isopropanol) precipitates genomic DNA, while plasmid DNA can be collected from the supernatant after a short 2-minute centrifugation. This technique is considered one of the fastest, most reliable, and relatively easy ways to obtain plasmid DNA from cells. Vigorous mixing during lysis and neutralization phases can cause fragmentation of genomic DNA, resulting in contamination with plasmid supernatant. The purified DNA is suitable for less sensitive applications. For more sensitive applications, a purifying step is needed, usually with spin columns.

2.6. Purification of Poly(A)+ RNA by Oligo(dT)-Cellulose Chromatography {#sec2.6}
-----------------------------------------------------------------------

Most of eukaryotic mRNA molecules possess a polyadenylated (polyA) tail of about 250 nucleotides at 3′ end. This provides foundation for a simple and easy way of RNA extraction through chromatographic techniques. The basic mechanism of this method is that poly(A) RNA hybridizes with an oligo(dT)-cellulose matrix, under high-salt conditions. Eukaryotic mRNAs have a diverse range in terms of size (from 0.5 kb to over 20 kb) and abundance (from fewer than 15 copies to over 20,000 copies per cell) \[[@B38]\]. Polyadenylated RNA with minimum 20 residues has the ability to attach to the oligo(dT)-cellulose matrix, which usually consists of 10--20 nucleotides \[[@B39]\]. After washing out all the nonpolyadenylated RNAs, a low-salt buffer is used to disrupt the oligo(dT)-poly(A) bond, resulting in the elution of poly(A) RNAs \[[@B40]\]. The selection for poly(A) RNA can be made in column or batch chromatography \[[@B1]\], being fast and yielding good RNA recovery. Its drawback resides in the fact that the method selects only mRNAs and naturally excludes important biological information present in other RNAs, such as miRNAs, rRNAs, and tRNAs.

[Table 2](#tab2){ref-type="table"} summarizes the main advantages and disadvantages of the chemically driven methods discussed here.

3. Solid-Phase Nucleic Acid Extraction {#sec3}
======================================

Solid-phase extraction (SPE) is one of the most efficient NAE techniques available in the market \[[@B1], [@B5]\]. It is based on liquid and stationary phases, which selectively separate the target analyte from the solution based on specific hydrophobic, polar, and/or ionic properties of both solute and sorbent. The chemistry between sorbent and analyte of interest is the basis of this technique, while "weak" chemical interactions such as van der Waals forces (nonpolar interactions), dipole-dipole interactions (polar interactions), and hydrogen bonding determine the retention mechanism in SPE.

SPE methods can be divided into normal/regular SPE, reverse SPE, and ion exchange SPE. Every sorbent used in SPE has unique characteristics, which give rise to a solution for a specific problem involved in extraction methods. A good example is acetonitrile, which decreases the polarity of the solution and decreases the interaction of DNA molecules with the stationary phase. Normally, reverse SPE uses polar/moderately mobile phase, nonpolar stationary phase, and semi- or nonpolar analytes, while normal SPE consists of semi- to nonpolar mobile phase, polar stationary phase, and polar analytes. On the other hand, ion exchange SPE is based on electrostatic interaction of both sorbent and the analyte of interest \[[@B41]\].

Solid-phase microextraction (SPME) is a relatively new development in solid-phase extraction technique, introduced in 1990s by \[[@B42]\], being useful for various analytes including liquid, gaseous, and solid matrices \[[@B43]\]. Two important steps are involved in SPME: (i) partitioning of analytes on fiber-coated extraction phase and (ii) handing over extract to separating instrument like gas chromatography where desorption takes place. SPME is a rapid and easy to use technique and have good detection limit (parts per trillion) for specific compounds \[[@B44]\]. Drawbacks of SPME include difficulty in analyzing high molecular weight compounds, sample carryover, and the eventual shortage of commercially available stationary phases.

3.1. Silica Matrices {#sec3.1}
--------------------

In 1979, it was found that silicates have high binding affinity for DNA under alkaline conditions and increased salt concentration \[[@B45]\]. Silica matrices have revolutionized NAE procedures for both commercial as well as research purposes. Efficient and selective binding of NA to silica matrices is the hallmark of this fast and robust NA purification procedure \[[@B46]\]. Silica matrices consist of silica material, in the form of either gel or glass particle (i.e., glass microfibers) \[[@B47]\]. The mechanism involved in this technique is the affinity between negatively charged NA and positively charged silica material, resulting in selective binding of nucleic acids to the silica matrices, while the rest of the cell components and other chemicals are washed out. Silica surface is covered by positive ions, which enhances the binding of negatively charged DNA. As a final step, NA can be eluted from silica matrix by any hyposmotic solution, such as nuclease-free water or buffers such as alkaline Tris-EDTA. For RNA extraction, chaotropic agents have a second and very important task in denaturing RNases \[[@B48]\]. Many modifications have been made to the original procedure, such as introduction of hydrated silica matrix and microchip-based silica SPE \[[@B49]\]. In this technique, it is also noteworthy the role played by sodium ions in attracting the negatively charged oxygen present in nucleic acid\'s phosphate group and helping NA become insoluble because of the phenomenon known as "salting out" in the presence of high-salt conditions and acidic pH \[[@B4]\]. This technique provides high-purity DNA, is easy to perform, and also is able to reproduce quantitatively as well as qualitatively. Downside of this technique is being unable to recover small fragments DNA efficiently, as small fragments binds tightly with the silica matrix \[[@B50]\].

3.2. Glass Particles {#sec3.2}
--------------------

Glass particles, whether in powder as chromatography stationary phase or in microbeads form, have also been used for extraction of nucleic acids. Chaotropic salts are used to release the NA and allow binding to common silicate glass, flint glass, and borosilicate glass (arranged as glass fiber filters). The basic principle of binding of NA to glass particles is based on the adsorption affinity of the components present in the mixture (DNA, proteins, etc.) to the stationary phase of chromatography column (glass particles). Polar compounds such as DNA have a high tendency of attachment to polar stationary phase under specific ionic strength \[[@B47]\].

3.3. Diatomaceous Earth {#sec3.3}
-----------------------

Diatomaceous earth (DE), alternatively known as kieselguhr or diatomite, is mainly composed of silica 80% to 90% (sometimes up to 95%), alumina 2% to 4%, and hematite 0.5% to 2% \[[@B51]\]. First described by Boom et al. \[[@B52]\], this procedure is mainly based on the binding of NA to a solid phase (such as DE) in the presence of chaotropic agents, followed by elution in water or low-salt buffer. NA binds to the silica present in DE, following the same principles of binding to silica matrices. This procedure has the advantage of reduced pipetting error, shorter protocol time, and less number of steps for sample preparation, being used for plasmid as well as for single or double-stranded nucleic acids \[[@B53]\]. However, this technique is not routinely used because of comparably high cost.

3.4. Magnetic Beads-Based Nucleic Acid Purification {#sec3.4}
---------------------------------------------------

Magnetic beads technology is one of the emerging strategies for extracting RNA and genomic, plasmid, and mitochondrial DNA. The technique involves the separation of nucleic acids from complex mixtures via complementary hybridization \[[@B54]\]. In recent years, functionalized magnetic particle or beads have been coupled to suitable buffers systems for a rapid and efficient extraction procedure \[[@B55]\]. The lack of centrifugation steps that can produce shear forces and cause breaking of nucleic acids is thought to better maintain intact longer fragments from genomic DNA. Usually, it is enough to apply a magnet to the side of a vessel or tube containing the sample mixed with the functionalized magnetic beads and exclusively aggregate the target particles near the vessel wall. The positive aspect of this technique is avoiding centrifugation steps as well as providing an alternative way for automation of extraction procedures from a large number of samples. The extraction technique can be used in batch processes with a multitude of samples (blood, tissues, and others) and is relatively easy to execute, being one of the best choices for automation, high-throughput applications, and high sample processivity \[[@B56], [@B57]\]. This method is also suitable for using in low technological environments because it is virtually equipment-free.

3.5. Anion Exchange Material {#sec3.5}
----------------------------

Just like silica matrices, anion exchange resins are also widely used in DNA and RNA extraction \[[@B58]\]. Unlike silicate negative charge, anion exchange resin makes use of the positively charged diethylaminoethyl cellulose (DEAE) to attract the negatively charged phosphate of nucleic acid. So, pH and salt concentration are the important aspects determining the binding or elution of NA to the anion exchange resin \[[@B59]\]. Anion exchange has the advantage of extracting very pure DNA as compared to silica and the ability to reuse the resin upon renaturation. However, this method used high-salt concentration in the elution step, thus requiring desalting for downstream applications.

3.6. Cellulose Matrix {#sec3.6}
---------------------

Absorbent cellulose-based paper is an interesting matrix for nucleic acids purification and storage. Cellulose is a polymer of glucose and therefore highly hydroxylated, producing a polar attraction strong enough to bind nuclei acids under specific chemical conditions. The commercially available FTA paper (Whatman Inc., USA) or fast technology for analysis is an interesting example of how to purify and store DNA using cellulose. FTA cards are simply a thick layer of paper, embedded with a proprietary mix of buffers, detergents, and chelating agents, such as the ubiquitous Tris pH 8, SDS, and EDTA. Once cells are spotted onto the paper, the detergent lyses the membranes and EDTA chelates metal ions that are cofactors to nucleases, also preventing the growth of contaminating organisms \[[@B60], [@B61]\]. Hence, when dried, nucleic acids are relatively well protected from the environment, especially due to the unavailability of water molecules. In fact, DNA extraction from dried blood spotting has been successfully used for PCR-mediated human diagnostics for more than 20 years \[[@B62]--[@B64]\].

Although FTA cards have many advantages regarding the easiness of use and storage, processing them to extract good yields of nucleic acids might be more complicated than expected, especially in diluted samples \[[@B65]\].

[Table 3](#tab3){ref-type="table"} summarizes the main advantages and disadvantages of most commonly used solid-phase extraction methods. [Table 4](#tab4){ref-type="table"} gives examples of commercially available kits using the methods described herein, as well as giving typical yields for NA extraction.

4. Devices Used in Extraction Methods {#sec4}
=====================================

4.1. Spin Columns {#sec4.1}
-----------------

The binding element in spin-column systems is usually composed of glass particles or powder, silica matrices, diatomaceous earth, and ion exchange carriers. Nucleic acid binding is thus optimized with specific buffer solutions and extremely precise pH and salt concentrations \[[@B4]\]. Column-based NAE is one of the best techniques among the options available, playing a vital role in ion exchange methods, as it provides a robust stationary phase for a rapid and reliable buffer exchange and thus NAE. This method is fast and reproducible, and its main drawback is the need for a small centrifuge as equipment requirement.

4.2. Beads or Magnetic Beads {#sec4.2}
----------------------------

Magnetic particle or beads are the first option to eliminate centrifuge-dependent steps in the extraction process. Magnetic beads make use of different ligands such as antibodies, antigens, oligonucleotides, or aptamers, which bind specifically to its target in sample. The first magnetic particle used for extraction consisted of an iron-oxide core covered by functional carboxylic group, which then binds DNA or RNA \[[@B66]\]. Since then, many modifications have been made using different surface functional group, such as sulphate, amino, and hydroxyl groups \[[@B67]\]. Besides these functional groups, preactivated magnetic beads with different functional groups are available such as tosyl or epoxy groups \[[@B68], [@B69]\]. Magnetic beads activated with protein A, protein G, or streptavidin are commercially available. Magnetic bead separation presents many benefits over centrifuge-dependent extraction process by allowing an equipment-free process. Equipment-free separation of NA is also possible with nonmagnetic beads, where the beads are trapped inside plastic bubble pipets \[[@B70]\].

4.3. Automation (Liquid Handling Robots) {#sec4.3}
----------------------------------------

The increase in growth of diagnostic tests and patient numbers highlights the need for automation in life sciences \[[@B71]\]. To fulfill this demand, various automated devices have been developed and introduced in the market. The most successful examples are the automated liquid handling robots, which are routinely used in many life science and clinical analysis laboratories for dispensing precise amount of sample, reagents, or other liquids to designated containers. Because of this technology, it is now possible to handle many samples simultaneously with precision and rapidity. In addition, barcode readers are an integral part of such equipment, allowing for easy traceability of samples and results. Fully automated NAE protocols have been developed for such equipment, using either solid-phase or magnetic beads methods \[[@B72]\]. However, high sample processivity is a positive aspect of automation while maintaining the sensitivity can be compromised, as low-copy NA targets might be lost \[[@B73]\]. Small versions of these robots are available and could be useful in laboratory settings with minimal infrastructure. Liquid handling robots certainly have a niche in life sciences and clinical laboratories, but not as POC devices.

4.4. Microfluidics and "Lab-on-a-Chip" Cartridges {#sec4.4}
-------------------------------------------------

Nucleic acid-based detection (NAT) is preferable compared to immunoassay-based detection because of sensitivity and specificity, but NAT-based diagnosis requires complex infrastructure, sophisticated machinery, and trained personnel. To overcome this hurdle, microfluidic chips have been designed and produced, carrying, on inner chambers, all necessary reagents for molecular based tests as a part of POC-Dx strategy. Usually, microfluidic chips (or "lab-on-a-chip" cartridges) rely on solid phase extraction for NA isolation, in the form of either membranes or beads \[[@B45], [@B74]\].

The union of automation with the need for miniaturization in POC devices led to the development of cartridges that perform one or several biological reactions in a closed container. These reactions comprise most of the current molecular biology methods, such as NAE, amplification, and identification, as well as serological signatures analyses. One of the greatest examples of a microfluidic cartridge, although not POC, is the milestone related to diagnosis of*Mycobacterium tuberculosis* (Mtb) achieved by the platform GeneXpert MTB/RIF \[[@B75]\]. Specific cells/spores are selected through filtration followed by a lysing step (sonification). Microtubes, pumps, and rotary drives transfer liquids into the specific cartridge chambers where washing, purification, and concentration of nucleic acids take place. The next step is the movement of the extracted NA to a reaction chamber where real-time PCR happens \[[@B76]\]. A recent systematic meta-analysis study reviewed hundreds of papers concluded that GeneXpert was the most cost-effective strategy for POC-Dx of Mtb, although its performance was evaluated solely in clinics and primary care centers \[[@B77]\]. However, it is undisputed that GeneXpert is a breakthrough in NA testing.

The FilmArray 2.0 system (BioFire Diagnostics LLC, Salt Lake City, USA) is a multiplexed PCR system that incorporates specimen processing, NA amplification, and detection in a specialized pouch. Specific pouches are used to amplify different targets present in the sample, using Nested PCR, followed by real-time PCR with chemistry-based detection. The software then automatically generates identification reports using DNA melting analysis based on specific control reactions or a melting curve database of known sequences.

[Table 5](#tab5){ref-type="table"} presents a summary of the devices available most commonly used in NAE protocols.

5. Limitations for Implementation of Extraction Protocols in Portable Devices {#sec5}
=============================================================================

A major obstruction for the development of a complete and easy-to-use solution for POC-Dx is the integration of sample preparation protocols into the portable devices. Removing interferents and extracting the target molecules are no trivial task especially due to the vast differences among sample matrices as well as characteristics of the target analytes. While NAE protocols are well established in the laboratory and many advances have been made since the inception of microfluidic Dx devices, commercial availability of these devices is still rare \[[@B78]\]. Excellent reviews are available discussing the technical difficulties as well as the obstacles for implementation and acceptance of new tests based on new technologies \[[@B78]--[@B82]\].

Several organic chemicals routinely used in molecular biology can react with the plastic materials commonly used in POC cartridges/devices, which makes difficult for some polymers to sustain their initial mechanical and physicochemical properties. One of properties paramount to the performance characteristics of the plastic materials is chemical inertness, that is, the material to which the active substance of interest will be in contact with will not interact and generate undesirable products, generally classified as extractable or leachable \[[@B83]\]. Toxicological or functional studies often replace extraction and interaction studies, which would be necessary to determine the levels of extractable or leachable products under a given environmental condition. Such replacement is acceptable, although not ideal, because the biological assessment performed for toxicological studies should include basic extraction/interaction evaluations \[[@B83]\]. Studies of structural properties of glassy polymers such as the commonly used thermoplastics polycarbonate (PC) and polymethylmethacrylate (PMMA) correlate the polymer solubility when exposed to several solvents to the extent of stress cracking \[[@B84]\]. An advantage of PMMA is its high optical transparency into the ultraviolet range, while PC offers a compatibility with a wider range of solvents and a higher glass transition temperature well suited to applications such as polymerase chain reaction for NA amplification \[[@B85]\]. However, neither of these is good enough to be used with the chemicals routinely used for NAE. For example, PMMA cannot be cleaned by strong solvents such as acetone or methanol, because these chemicals would significantly damage its surface and decrease transparency \[[@B85]\] ([Table 6](#tab6){ref-type="table"}).

Some chemicals have the potential to affect polymer\'s color, surface appearance, flexibility, and mass, generating extractable/leachable products that must be evaluated. These changes can happen due to several physicochemical reactions, such as (i) chemical interaction with polymer chain which can disturb their structure and result in depolymerization; (ii) physical interaction, that is, adsorption of chemicals into the plastics, which results in swelling and softening; or (iii) stress-associated cracking may happen due to the stress-cracking agents, such as plasticizers, or adhesives used during the manufacturing of polymer parts, or even detergents or oils used during the molecular biology processes \[[@B86]\]. [Table 6](#tab6){ref-type="table"} lists the effect of the chemicals most commonly used in NAE on the plastics most commonly used for microfabrication of microdevices. Alterations induced by any chemical, as minor as it seems, need to be thoroughly evaluated. In extreme cases, chemicals must be substituted, such as that of ethanol/isopropanol. Ethanol/isopropanol storage in cartridges is also problematic because of its volatility, flammability, and potential to leak. Such chemical properties make alcohols a substance highly regulated by the International Air Transport Association (IATA). Therefore, substitutes such as diethylene glycol monoethyl ether (DGME) and diethylene glycol monoethyl ether acetate (DGMEA) \[[@B87]\], must be tested and validated.

Finally yet importantly, there is concern about the volume of sample needed to obtain a meaningful results \[[@B88]\]. Because the volume of buffers and, therefore, of harsh chemicals used for cell lysis is directly proportional to the volume of the sample, POC-Dx tests are most useful in illness where the pathogen is present in higher counts, such as virus and most bacterial infections. Parasitic infections, however, present a challenge to POC-Dx because parasite loads can get very close to the limits of detection of the techniques used \[[@B89]\], thus greatly affecting the availability of target NA in the sample. The volume of the reagents is also important to assure proper mixing of solutions without the common laboratory instruments because small volumes are easier to homogenize \[[@B90]\].

6. Challenges for Implementation in POC Diagnostic Tests {#sec6}
========================================================

Lessons learned from previous attempts in developing diagnostic tests have taught us that availability of the best possible POC-Dx test is not enough. Its implementation is also very important and often underestimated, since only few diseases have a validated POC-Dx, such as HIV or malaria \[[@B91], [@B92]\]. Implementation should be considered during the development phase of the POC-Dx, so that end-users are identified, their level of experience is assessed, and the developing test is used at the right lab tier \[[@B80]\].

The major features of POC tests are described by the WHO acronym ASSURED: affordable, sensitive, specific, user-friendly, equipment-free, and deliverable to end-users \[[@B91]\]. The main idea is to provide low cost and timely effective healthcare to the patient and quick decision making for healthcare providers. One platform which seems to have the potential to meet the ASSURED criteria is microfluidic paper-based analytical devices (*µ*PADs), which provide a robust, affordable, equipment-free, and multiplex facility \[[@B93]--[@B95]\]. Paper-based devices are abundant, either directly operating or directing the biochemical, serological, or nucleic acid reactions \[[@B94], [@B95]\]. Because they are easily manipulated to attach recognition molecules (antibodies, enzymes, proteins, nucleic acids, etc.), *µ*PADs devices have been very successful in several areas of biological research, such as biochemical analysis of blood or urine, detection of pathogen\'s nucleic acids, detection of drugs, or environmental contamination. *µ*PADs can also be designed for direct sensing the target molecule by using nanotechnologies, such as microelectromechanical systems, field effector transistors, or nanocantilevers. However, since describing each of the available *µ*PADs is beyond the scope of our review, the reader is directed to other available texts on the subject \[[@B94]--[@B97]\]. Unlike protein or metabolite-based POC tests, one of the major challenges for nucleic acid-based POC tests is the need to consolidate three distinct protocol procedures into a single device: (1) nucleic acid extraction; (2) amplification; and (3) detection. Development of a nucleic-based testing device that is specific, sensitive, portable, and relatively easy to operate has presented several challenges that have been elegantly reviewed elsewhere \[[@B78]\]. Below we discuss the challenges strictly related to NAE for POC-Dx.

Development of an ideal NAE method for POC is impaired by many factors and researchers are still in quest for a suitable solution. At present, solid-phase extraction \[[@B98]\] and magnetic beads \[[@B55]\] are the primary choices for NAE in POC-Dx devices. However, neither method is yet good enough for widespread implementation in POC-Dx methods. Solid-phase extraction depends on centrifugation, while magnetic beads require an external magnet source for mixing. In this aspect, magnetic beads are favored because implementation of magnetic stirring in POC-Dx devices is somewhat easier than implementation of separation through stationary membranes. Although both rely on the use of chaotropic reagents for lysing cells and releasing the NA from the scaffold and structural nucleic proteins, washing steps are more efficient in beads-based methods. The main challenges in implementing molecular biology-based systems in resource-constrained areas are the high cost of instrument and reagents, as well as lack of reliable infrastructure and continuous maintenance support and temperature maintenance devices \[[@B76]\]. Proper disposal of biological waste generated by medical tests is also a concern, not to mention that some waste is chemical and requires special treatment before disposal (e.g., guanidine thiocyanate) \[[@B80]\].

7. Conclusion {#sec7}
=============

After almost 150 years after the first successful isolation of DNA by Friedrich Miescher, nucleic acids are now central to obtaining biological information in areas as distinct as specimens\' identification for conservational purposes to the realms of personalized medicine and pharmacogenomics. Protocols and devices used for NAE have evolved from thiocyanate-phenol-chloroform manual techniques to user-friendly column-technology and automated platforms, but no general gold-standard method has yet been established. This review analyzed the working principle of each available method, as well as their advantages and disadvantages. The take-home message is that each application has specific characteristics, which should then guide each researcher to the most suitable method.

Although molecular biology techniques are sensitive and accurate methods, they require a rather well established laboratory setting and expensive instruments, as well as skilled personnel to run the tests and analyze the results, which are not always available. In the last years, lab-on-chip technology has brought the promise of taking the management of biological information where it is needed, such as low-resource settings, a doctor\'s clinic or a hospital patient bedside. However, although progress has been made, several obstacles still hamper the use of NAE protocols in POC-Dx tests, as it can be seen by the low number of products using lab-on-chip technology. Overcoming the challenges and limitations of NAE protocols will greatly increase the use of molecular biology techniques and thus increase the overall quality of life of the general population by providing access to better diagnostic tests.
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###### 

Main characteristics of chemical and mechanical methods to extract nucleic acid (adapted from Harrison 2003).

  Method                           Technique                                       Principle                     Mode of lysis                                    Cost                                                             Most usual application         References
  -------------------------------- ----------------------------------------------- ----------------------------- ------------------------------------------------ ---------------------------------------------------------------- ------------------------------ ------------
  Chemical                         Osmotic shock                                   Osmotic rupture of membrane   Gentle                                           Cheap                                                            Spheroplasts and Protoplasts   \[[@B9]\]
  Enzymatic digestion              Digestion of cell wall                          Gentle                        Cheap at small scale; expensive at large scale   Gram-positive and Gram-negative bacteria                         \[[@B13]\]                     
  Detergents                       Solubilization of membranes                     Gentle                        Moderate                                         General use                                                      \[[@B14]\]                     
  Alkali treatment                 Solubilization of membrane                      Harsh                         Cheap                                            Plasmid DNA                                                      \[[@B15]\]                     
                                                                                                                                                                                                                                                                  
  Mechanical                       Homogenization (blade or pestle)                Shredding of cells            Moderate                                         Moderate (method of choice for large scale)                      Animal tissues                 \[[@B10]\]
  Ultrasonication or cavitation    Disruption of cells by pressure                 Harsh                         Moderate to expensive                            Good for spheroplasts but not primary cells                      \[[@B11], [@B12]\]             
  Pressure cell ("French press")   Disruption of cells by shear force              Harsh                         Moderate                                         Used for Gram-negative and some Gram-positive bacteria           \[[@B6]\]                      
  Ball mill                        Cells crushed between glass/steel balls/beads   Harsh                         Cheap                                            Used for bacteria, yeast, microalgae, unicellular animal cells   \[[@B15]\]                     

###### 

Summary of advantages and disadvantages of the main NAE methods. GuSCN, guanidine thiocyanate; CsCl, cesium chloride; EtBr, ethidium bromide; CTAB, cetyltrimethylammonium bromide.

  Method                                         Advantage                                                     Disadvantage                                            Reference
  ---------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------- --------------------
  \(1\) GuSCN-phenol- chloroform extraction      High purity and yield of DNA or RNA                           Hazardous chemicals                                     \[[@B21], [@B23]\]
  \(2\) Alkaline extraction                      Fastest, reliable, and relatively easy procedure              Medium purity and fragmentation of genomic DNA          \[[@B26]\]
  \(3\) CsCl gradient centrifugation with EtBr   High purity and yield of DNA or RNA                           Laborious, costly and time consuming,                   \[[@B29], [@B30]\]
  \(4\) Oligo(dT) cellulose chromatography       Fast protocol, good yield of mRNA recovery                    Purification bias for mRNAs                             \[[@B1]\]
  \(5\) Chelex® extraction                       Quick and simple protocol; no use of hazardous chemicals      Low purity of nucleic acids                             \[[@B36], [@B37]\]
  \(6\) CTAB extraction                          Efficient method for plant and other "hard to lyse" samples   Laborious, time-consuming; use of hazardous chemicals   \[[@B39]\]

###### 

Summary of the advantages and disadvantages of solid-phase extraction methods.

  Material                        Molecule of affinity   Advantage                                                                 Disadvantage                                            Reference
  ------------------------------- ---------------------- ------------------------------------------------------------------------- ------------------------------------------------------- -------------------
  \(1\) Silica matrices           DNA, RNA               High-purity DNA, easy to perform, and reproducible                        Unable to recover small DNA fragments; one-time use     \[[@B53]\]
  \(2\) Glass particles           DNA, protein           Simple, sensitive, and reproducible                                       High cost; requirement of equipment                     \[[@B1], [@B53]\]
  \(3\) Diatomaceous earth        DNA, RNA               Reduced pipetting error, shorter protocol (less time and steps)           High cost                                               \[[@B54]\]
  \(4\) Magnetic beads            DNA, RNA               No centrifugation, best choice for automation, virtually equipment-free   Interference in PCR amplification                       \[[@B57]\]
  \(5\) Anion exchange material   DNA, RNA               Reusable resins                                                           Presence of high-salt concentrations                    \[[@B59]\]
  \(6\) Cellulose matrix          DNA, RNA               Easy to use and storage                                                   Extraction protocols being complex and prone to error   \[[@B61]\]

###### 

Examples of commercially available kits applying each extraction method and typical yields for distinct samples.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Method                              Commercial availability                                             Sample origin                                                        Typical yield                                           Reference
  ----------------------------------- ------------------------------------------------------------------- -------------------------------------------------------------------- ------------------------------------------------------- --------------------------------------
  GSCN-phenol-chloroform extraction   TRIzol reagent (e.g.,, Invitrogen)                                  Mammalian cells (10^6^ cells)                                        Epithelial cells, 8--15 *µ*g; fibroblasts, 5--7 *µ*g.   \[[@B99]\]

  Alkaline extraction                 Plasmid Maxi Kit (e.g., Qiagen)                                     Cultured bacteria (2.5 L)                                            Up to 500 *µ*g of plasmid DNA                           \[[@B100]--[@B102]\]

  CTAB                                NucleoSpin 8 Plant and NucleoSpin 96 Plant II (e.g., Clontech)      Plant material 20--100 mg plant tissue (wet weight)                  1--30 *µ*g                                              \[[@B103], [@B104]\]

  Silica matrices                     QIAamp DNA mini kit (e.g., Qiagen)                                  Blood (200 *µ*l), buffy coat (200 *µ*l) or 10^6^ cells               4--12 *µ*g DNA (blood)\                                 \[[@B105], [@B106]\]
                                                                                                                                                                               25--50 *µ*g DNA (buffy coat)\                           
                                                                                                                                                                               15--20 *µ*g DNA (cells)                                 

  Magnetic bead                       Agencourt DNAdvance Kit (e.g., Beckman Coulter)                     Mammalian tissues (25 mg of sample)                                  18--35 *µ*g DNA                                         \[[@B107]\]

  Anion exchange material             PureLink® HiPure Plasmid DNA Purification Kits (e.g., Invitrogen)   Culture bacteria: midipreps (15--25 mL) or maxiprep (up to 200 mL)   350 *µ*g for midipreps\                                 \[[@B108]\]
                                                                                                                                                                               850 *µ*g for maxipreps                                  

  Diatomaceous Earth                  Quantum Prep Plasmid Purification Kits (e.g., Bio-Rad)              Culture bacteria (1-2 mL liquid culture)                             Up to 40 *µ*g                                           \[[@B109]\]

  Cellulose matrix                    FTA cards (e.g., Whatman)                                           8 × 2 mm punches                                                     1--5 *µ*g (plant)\                                      \[[@B62]--[@B64], [@B110], [@B111]\]
                                                                                                                                                                               1--3 *µ*g (dried blood spots)                           
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Summary of available devices used in nucleic acid extraction protocols.

  Material                                             Molecule of affinity   Advantage                                                               Disadvantage                                                          Reference
  ---------------------------------------------------- ---------------------- ----------------------------------------------------------------------- --------------------------------------------------------------------- ------------
  \(1\) Spin columns                                   DNA, RNA               Fast; reproducible                                                      Aerosols cross-contamination; infrastructure and equipment required   \[[@B50]\]
  \(2\) Beads or magnetic beads                        DNA, RNA               Simple to use; high automation potential; equipment-free process        Labor intensive                                                       \[[@B68]\]
  \(3\) Automation (liquid handling robots)            DNA, RNA               Precise manipulation of sample and reagents, reducing losses and cost   High cost                                                             \[[@B72]\]
  \(4\) Microfluidics and "lab-on-a-chip" cartridges   DNA, RNA               Sensitive and specific                                                  Incompatibility of common NAE chemicals                               \[[@B75]\]

###### 

Chemical compatibility of various chemicals used in nucleic acid extraction procedures and plastic polymers commonly used in microfabrication. (PDMS, polydimethylsiloxane; PMMA, polymethylmethacrylate; PS, polystyrene; PC, polycarbonates.) Information was gathered from multiple sources, such as the following vendor\'s websites: <http://www.permselect.com>, <http://www.labicom.com.cz>, <https://www.coleparmer.co.uk/Chemical-Resistance>.

  Chemicals∖Plastic polymer   PDMS             PMMA             PS               PC
  --------------------------- ---------------- ---------------- ---------------- ----------------
  Ethanol                     Good             Good             Not compatible   Excellent
  Phenol 10%                  Not compatible   Not compatible   Not compatible   Not compatible
  Chloroform                  Not compatible   Not compatible   Not compatible   Not compatible
  Detergents                  Excellent        ---              ---              ---
  Urea                        Good             Excellent        Excellent        Excellent
  Guanidinium thiocyanate     ---              Good             ---              Excellent
  Methyl alcohol              Excellent        Good             Good             Fair
  Alcohols: isopropyl         Excellent        Excellent        Excellent        Fair
  Alcohols: ethyl             Good             Good             Good             Excellent
  Alcohols: amyl              Not compatible   Excellent        Good             Good
  HCl 37%                     Not compatible   ---              ---              ---
  HCl 20%                     Good             Good             Good             Good
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